Abstract
Introduction
High speed steels (HSS) are a group of highly alloyed tool steels designed for specific wear resistant applications, mostly at temperatures above 500°C. The application for cutting tools at high speeds gave them their name [1, 2] . An adjusted HSS alloy with a higher carbon amount (> 1.2 wt. %) is commonly used for working layers for rolls used in the first finishing stands of hot strip mills [3, 4] . Many researchers have reported on the microstructural composition of highcarbon HSS alloys as consisting of various eutectic carbides (MC, M 2 C, M 6 C and M 7 C 3 ) embedded in a martensitic matrix with some retained austenite [3, 5, 6, 7, 8] . The type of eutectic carbides represented in a particular alloy depends on the content and mutual ratio of carbide-forming elements, such as Mo, W, Cr, and V. The overall chemical composition of the HSS alloy has a profound impact on its solidification path. Researchers have thus far reported on the solidification path through different eutectic reactions that follow crystallization of primary austenite; the eutectic reaction L  (γFe + MC) is common to every report due to a high vanadium content, followed by either L  (γFe + M 2 C) [6] , L  (γFe + M 7 C 3 ) [7] or L  (γFe + M 6 C) eutectic reaction [5] .
A. Ghosh [9] offers a review on the formation of microsegregation in cast products, where microsegregation is said to stem from freezing of solute enriched liquid in the interdendritic spaces. Different alloying elements have a different tendency towards microsegregation development, depending on their respective partition coefficient, k = C S /C L , where C S is the composition of the solid phase, and C L the composition of the liquid phase. This process is strictly related to non-equilibrium solidification parameters, where complete mixing in the liquid phase and limited diffusion in the already solidified phase is assumed. The degree of microsegregation can be evaluated using the so-called microsegregation ratio, m, which is defined as a ratio between the maximum and the minimum solute concentration through the dendrite or crystal grain cross section [10] : Gulliver proposed a model incorporating the statement of limited diffusion in solid as a qualitative description [11, summarized in 10, 12] . Some thirty years later, Scheil [13, in which C 0 represents the nominal composition. When regarding diffusion speed of alloying elements in steel, a substantial difference can be assumed between substitutional and interstitial elements (e.g. carbon, nitrogen). It is this back-diffusion of interstitial elements that proved complex when applying analytical solidification models to steel alloys. One such analytical solution was proposed by Brody and Flemings [14] who implemented a backdiffusion parameter as a constant related to the solid diffusivity of solute element i. Clyne and Kurz [15] developed the model further, using a function of the back-diffusion parameter, which worked for infinitely fast moving interstitial elements. Other simpler or more complex models have been proposed by Ohnaka [16] , Kobayashi [17] , and Nastac and Stefanescu [18] . Ultimately, asymptotical values of these modified equations lead to the lever-rule equilibrium model when , or to the Scheil-Guliver (S-G) model when [19] . Researchers proposed an S-G model devised specifically for steel assuming an infinitely fast diffusion of interstitial elements in all phases, while for substitutional elements this is only valid in liquid and ferrite phases [12] . Their experimental validations show that the S-G model is a robust method for modelling the liquid-solid interval during the process of solidification with a satisfactory accuracy in spite of the model's limitations (k and the liquidus slope are considered as straight lines, highly restrictive assumptions regarding diffusion and liquid-solid interface) [20] . Amongst other proposed solidification models [21] , it is also the most widely used and incorporated into commercial software for thermodynamic calculation, such as Thermo-Calc [22] . The S-G calculation for non-equilibrium solidification incorporated in Thermo-Calc software in particular results in an estimation of the solidification range of an alloy. The calculation is based on the assumption of a homogeneous liquid phase and zero diffusivity in solid, where the latter assumption can be disregarded for certain selected components, such as carbon [23] . The partition coefficients, although used as a constant or function in the analytical models, can be numerically computed in dependence on temperature and changing composition by using appropriate thermodynamic software and databases [19, 23] .
Centrifugal casting is nowadays widely used in the production of rolling mill rolls, continuous casting rollers, bimetallic tubes, special pipelines and so on. The benefits of centrifugal casting include a more finely formed grain structure with good control of non-metallic inclusion content and other casting defects. Typical as-cast microstructures in centrifugally cast castings include a thin chilled layer near the mould interface, followed by a well-oriented columnar microstructure and, finally, where the dendrite arm breakage induces a heterogeneous nucleation during solidification, an equiaxed microstructure towards the middle of the casting wall. These transitions between different microstructures may lead to more or less pronounced microsegregation, whether near the mould interface, or in the central equiaxed grain microstructure [10, 24] .
The aim of this research work is to employ S-G model in predicting solidification in the case of centrifugal casting. A model of solute enrichment of the final solidification front is simulated, thus predicting the occurrence of microsegregation in a high alloyed HSS used for rolls. Energy dispersive spectroscopy is used to confirm the computer model similarly to ref. [25] using line analysis. The characteristic of microsegregation in as-cast samples was evaluated using the microsegregation ratio of elements, m and effective partition coefficient, k ef .
Materials and methods
Thermodynamic modelling was performed with Thermo-Calc 4.1 software using TCFE7 database. An S-G model of solidification was calculated with a chemical composition of 1.91C -0.69Si -0.79Mn -0.96Ni -7.86Cr + Mo+W -3.52V + Nb -84.27Fe (in wt. %). The following phases were regarded as possibly stable: liquid, austenite, MC, M 2 C, M 3 C, M 6 C, M 7 C 3 , and M 23 C 6 . Fast diffusion was taken into account for carbon.
Model verification was performed on an industrial scale centrifugally cast HSS hollow roll shell with the chemical composition as defined above, measured with a spark spectrometer. The outer working layer was centrifugally cast in a preheated steel mould. Casting temperature was set at 1440°C and rotation speed was set at 120 g-units according to the mould dimensions. The cast shell was left inside the mould to cool to room temperature. Static casting of the roll core was omitted to avoid influence on the as-cast microstructure of the working layer. The cylindrical shell had an outer diameter of 700 mm, length of 1925 mm and 47 mm wall thickness. No heat treatment was performed, therefore, the research presented in this work is related entirely to the as-cast structure.
Material for sampling was taken 200 mm from the casting's edge. The material was cut across the entire wall cross section so the thickness of the casting was
preserved. Samples were prepared for different analyses. The observation field of different samples was perpendicular to the outer edge and ranged up to 25 mm in depth (roughly half of the shell wall thickness). This way the impact of unidirectional solidification on microstructure and microsegregation formation was observed. Unpublished research performed on horizontal cylindrical cast shells, where the length of the shell is significantly larger than its diameter, showed negligible discrepancies in chemical composition between top and bottom of the shell. This is mostly due to the fact that the shell was cast in a horizontal centrifugal machine, so element segregation almost never occurs in a horizontal direction under controlled casting conditions. Firstly, a small cylindrical sample taken 20 mm in depth of the shell wall was prepared for differential scanning calorimetry (DSC): diameter approximately 5 mm and 2 mm in height. DSC analysis was performed with STA 449 C Jupiter apparatus from Netzsch. The test was conducted under inert atmosphere (99.999 % Ar) in a gas flow of 10 ml/min. The test cycle consisted of heating up to 1500°C at 10 K/min without an isotherm holding at peak temperature to prevent element loss and any possible gravitational segregation in liquid. For determination of the characteristic temperatures the alloy was studied under non-equilibrium conditions with a cooling rate of 10 K/min. An empty corundum cup was used as reference with a pre-defined base line to exclude sample holder artefacts.
Secondly, metallographic samples were prepared using standard metallographic techniques of grinding (CarbiMet grinding paper from Buehler: 120, 35, and 18 μm grit size, respectively) and polishing (two synthetic polish cloths from Buehler with 2 μm diamond paste). Samples were etched for optical microscopy: firstly in 2% Nital to reveal the matrix and, after re-polishing, in Groesbeck reagent for colour-etching, thus revealing different types of carbides [26, 27] . Optical microscopy was done on an Olympus BX51M microscope equipped with DP-12 camera.
Next, an examination on polished metallographic samples was done using a scanning electron microscope (SEM) JEOL JSM-5610. Composition control was performed using energy dispersive spectroscopy (EDS) IXRF Systems Inc. The results of the line EDS measurements were additionally processed using Origin software.
Finally, a thin rectangular sample (roughly 20 x 25 mm, taken through the shell wall cross section) was prepared for X-ray diffraction (XRD) analysis to confirm the phase constituents and microstructural composition with the model prediction. Analysis was performed using Phillips PANalytical X'pert PRO diffractometer with a copper cathode under 45 kV and 40 mA. The 2θ diffractogram was recorded between 15 and 90° with a 0.002 °/s recording speed. The lower detection limit for phases was 3 vol. %.
Results

Scheil-Gulliver model
The model for non-equilibrium solidification calculated on the S-G principle is presented in Fig. 1 . According to the model results, non-equilibrium solidification of the analysed HSS alloy starts at 1335.6°C with crystallization of primary austenite (γFe) from the liquid. A L  (γFe + MC) eutectic reaction follows at 1251.9°C. Between 1174.9°C and 1169.9°C, a short interval with four stable phases is predicted: liquid, austenite, MC, and M 7 C 3 . In the final step, solidification completes with the additional L  (γFe + M 2 C) eutectic reaction at 1143.7°C. Below 1169.9°C the MC phase is presumably not stable according to the computer model.
The dashed line in Fig. 1 represents the lever rule equilibrium solidification model. In contrast to the non-equilibrium S-G model, where a homogeneous liquid phase is assumed along with a limited diffusion in solid (with the exception of carbon), the lever rule equilibrium model assumes a homogeneous composition of all stable phases (unhindered diffusion in solid). This leads to a significant difference in the predicted solidification path. The equilibrium calculation predicts solidification start with austenite (ferrite entered in the calculation) followed by the L  (γFe + MC) eutectic reaction at 1252.1°C. However, after this reaction, the lever rule model does not predict any other reactions in liquid and solidification completes at 1195.8°C, more than 50°C higher compared to the non-equilibrium model. Solute enrichment of the remaining liquid during solidification was modelled according to the S-G model. Results are presented in Fig. 2 .
The model predicts a steady decrease of Fe in liquid (not shown), which is consistent with crystallization of primary austenite. Fig. 2a shows (Fig. 2b) shows a very constant content of solute elements up to 0.4 f S , when V content suddenly drops due to the above mentioned eutectic reaction. This indicates that V should form negative microsegregation along the dendrite cross section. On the other hand, the results for both Mo and Cr in austenite show an increase indicating the formation of positive microsegregation.
Differential scanning calorimetry
The DSC cooling curve of the analysed HSS working shell sample is presented in Fig. 3 . Exothermic peaks that were detected with the DSC analysis are compared to the S-G modelled temperatures to validate the computer model of nonequilibrium solidification (Table 1) . The temperature program of the DSC measurement did not include isothermal holding, especially at maximum temperature (1500°C) and the temperature was kept low enough to prevent any detrimental element loss due to oxidation. Just under the liquidus temperature (at 1324.8°C, marked in Fig.  3 ), the DSC measurement detected a small deviation inside the larger peak. We attributed this peak to the microsegregation present in the as-cast sample usually observed only as a small change (especially with a larger sample mass). This deviation also coincides well with a correspondent peak seen within the heating curve indicating that microsegregations are present both in the as-cast state and after DSC analysis. This was confirmed further by etching of DSC samples after testing (Fig. 3) .
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Figure 2. Scheil-Gulliver model results of (a) solute enrichment of the remaining liquid and (b) element composition of austenite, both in relation to fraction solid. Ferrite suspended
Figure 3. DSC cooling curve of the analysed HSS roll shell (cooling rate was 10 K/min) and an optical microphotograph of the tested DSC specimen, etched in 2% Nital
Optical microscopy and XRD
Phase constitution and composition of the HSS roll shell was confirmed using XRD analysis. Results are presented in Fig. 4 .
The following phases were detected above their respective detection limit: martensite (34.9 wt. %), austenite (44.4 wt. %), MC carbides with the elements V and Mo (11.2 wt. %) and M 2 C with the elements Mo, V, W and Nb (9.0 wt. %). XRD analysis shows a substantial amount of the retained austenite in the ascast roll shell, due to the high amount of alloying. The S-G model predicts a stable M 7 C 3 phase, which was not confirmed with XRD analysis.
Optical microphotographs of the HSS roll shell are gathered in Fig. 5 . The etched microstructure reveals a martensitic matrix with a noticeable amount of the retained austenite (marked in Fig. 5c ), in agreement with the XRD analysis results. Eutectic carbides form an almost connected carbide network (Figs. 5a, b , and e). A difference between the microstructures at the outer edge of the shell wall and 20 mm in depth can be seen (Figs. 5a and b) . A clearly dendritic microstructure at the outer edge transitions into an equiaxed one in depth. This is the result of various casting parameters such as melt superheat upon pouring, mould temperature and rotation speed, melt modification, substrate surface texture, gas atmosphere, and others [28, 29] . Colour-etching revealed two different types of carbides ( Fig. 5f ): brown tinted M 2 C and smaller, mostly spherical and rod-like MC, shown in light pink with a darker outline.
Scanning electron microscopy with EDS analysis
Further confirmation of the HSS roll shell phase composition was made with a SEM and EDS analysis. Results are presented in Fig. 6 and Table 2. SEM microphotographs reveal two distinct carbide phases confirmed with EDS analysis (Table 2) : Fig. 6a . A high carbon value of points 1 and 2 (although not measured quantitatively) indicates that the two analysed phases are indeed carbides as the value of carbon in the matrix is several times smaller. The main constituent of the M 2 C phase is Mo, along with a high content of Fe (possibly influenced by the matrix). Cr and V are also present. MC phase revealed V as the main constituent along with Fe and other carbide-forming elements (Mo, Cr, W, and Nb). Nb and W both appear substitutionally dissolved in the carbides, this way improving the carbide's hardness which in turn should improve the wear resistance of the alloy. The matrix consists mainly of Fe, Si, Mn, and Ni, consistent with the S-G model prediction (Fig. 2b) . Due to the high alloying content of carbide-forming elements, some solubility in the matrix is expected. SEM and EDS analysis also did not confirm the phase M 7 C 3 that was predicted by the S-G model. The EDS line analysis (Fig. 6b) indicates a transition between one carbide phase and the other, in this case from MC to M 2 C phase. This is consistent with the S-G model in predicting solidification via two main consecutive eutectic reactions.
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Figure 4. Results of the XRD analysis of the as-cast sample. M in MC represents elements V and Mo, and in M 2 C elements Mo, V, W, Nb. Smaller peaks correspond to non-metallic inclusions (mostly MnS) and are not indexed
Figure 5. Optical microphotographs of HSS work shell: (a, c) outer edge of the shell wall and (b, d) 20 mm in depth of the wall. Etched in 2% Nital. (e, f) Colour etched samples 20 mm in depth of the wall, etched in Groesbeck reagent
Further research was done on the presence of microsegregation within the as-cast matrix. Analysis was performed on metallographic samples with line EDS analysis (examples presented in Fig. 7) .
The S-G solute enrichment model predicts elements V, Cr, and Mo as most prone to form microsegregation during solidification, so the results presented in Fig. 7  (b, d, f and h ) are focused on these three elements. EDS Fig. 2b . Results of the microsegregation ratio (henceforth abbreviated to ratio) m measured with absolute maximum to minimum ratio on the measured areas in austenite shown in Fig. 7 (presented in Table 3 ) confirm the formation of microsegregation. The solute concentration, C, was calculated on an average of five adjacent points of the EDS line measurement (presented in Fig. 7) . The calculation error was evaluated at 1.5%.
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Figure 6. Scanning electron microphotograph of the analysed HSS roll shell with (a) point EDS analysis of the carbides and matrix and (b) line EDS analysis of a complex carbide -marked in (a). (c) Results of the line EDS analysis of the complex carbide
The effective partition coefficient k ef was also calculated from the measured element concentrations as:
where C centre is the element concentration in the centre of the dendrite/grain (f S = 0) and C edge is the element concentration at the dendrite/grain edge (f S = 1). According to Dubrovská et al. [30] , this calculation approach is feasible for the assumption of perfect mixing in the interdendritic area, which is the same basic assumption taken for the S-G model. This way the calculated effective partition coefficient can characterize microsegregation as being negative (element enrichment in the centre of the dendrite/grain, k ef >1) or positive (element enrichment near the edge of the dendrite/grain, k ef < 1).
Results in Table 3 show that V has the highest tendency to microsegregate (m). As k ef shows, the microsegregation in this case is indeed negative in contrast to Cr and Mo that form positive microsegregations. Interestingly, the ratio m for V remains constant regardless of the direction of the measurement, whether longitudinal or transverse, dendritic or equiaxed structure. In the case of Cr and Mo, the ratios show a more pronounced microsregregation in the transverse direction (Table 3 a, e) as opposed to the longitudinal direction (Table 3 c , g ).
Discussion
Results of the investigation reveal a complex, highly alloyed steel alloy with a relatively long solidification interval (~200°C). The solidification path proceeds via crystallization of primary austenite and two main consecutive eutectic reactions correlating to the nonequilibrium solidification path as predicted by the S-G model. No solidification with primary ferrite was detected with thermal analysis and microstructure investigation. It is interesting to note that the equilibrium lever rule solidification model appears considerably different (Fig. 1, dashed line) . Also, the measured solidus temperature denoting the finish of solidification is in a good agreement with the S-G model.
All in all, in the case of centrifugally cast hollow roll shell the computed S-G model is sufficiently accurate in spite of its restrictive hypotheses. However not all of the predicted stable phases were confirmed with EDS and XRD methods. Namely, chromium-based M 7 C 3 phase, which is first predicted as stable at 1174.9°C, was not detected with the XRD. Either this phase is indeed absent from the alloy (through inhibited precipitation or phase transformation during cooling) or its content does not exceed the XRD detection limit of 3 vol. %. A high amount of MC and M 2 C carbide phases were confirmed with optical microscopy, SEM, EDS, and XRD. One is primarily V-based and the other rich in Mo. Other carbide forming elements represent substitutional elements in the carbides' crystal lattice. These phases precipitate through two main consecutive eutectic reactions thus forming an almost enclosed carbide network as seen in Fig. 5 . Crystallization of primary austenite according to the non-equilibrium solidification theory starts with minimal solute elements [20, 31] . The content of solute elements in the solidified austenite slowly increases as solidification progresses. Substitutional solubility of carbide-forming elements in austenite is hindered due to its close packed face cubic centre lattice, so the solute element content increases in the remaining liquid in the inter-dendritic spaces as shown in Fig. 2 . Several of Fe-C-M systems, where M represents Cr, V, W etc., exhibit monovariant lines in the form of peritectic or, most often eutectic lines bordering on multiphase areas [20, 31] . As the concentration of carbide-forming elements in the remaining liquid reaches a sufficient composition, precipitation of respective carbide phases begins.
Another important implication of the remaining liquid enrichment on solute, carbide-forming elements is the occurrence of microsegregation. As results show, elements V, Cr, and Mo have the most pronounced tendency towards microsegregation formation. The calculated ratio m (Table 3 ) revealed V as the most segregated among the three elements. Also, the characteristic of V-based microsegregation is negative, meaning the solute concentration of V in the remaining liquid decreases as solidification progresses. This is due to the eutectic reaction L  (γFe + MC) taking place at 0.4 fraction solid, as previous research has shown in a similar high speed steel type cast iron [32] . A similar trend of element solute concentration in the remaining liquid dropping was also predicted in the case of chromium and molybdenum, as the L  (γFe + M 2 C) eutectic reaction takes place, however, EDS measurements have not confirmed this phenomenon as some diffusion in solid is still present during cooling.
Conclusions
Results shown in this study are related to thermodynamic modelling and microsegregation phenomena in high alloyed HSS alloy used for working layers in rolls. The solidification path correlates to the predicted Scheil-Gulliver model and undergoes two main eutectic reactions after primary austenite crystallization: . Both V-rich MC and Mo-rich M 2 C carbide phases were confirmed using XRD, optical microscopy with sample etching and SEM-EDS analysis. The predicted Cr-based M 7 C 3 carbide phase was not confirmed in the sample measurements. Due to the preserved as-cast microstructure, a considerable amount of the retained austenite was found using XRD analysis (44.4 wt. %) occurring near the interdenritic areas, whilst martensite (34.9 wt. %) appears in the dendrite's centres. Line EDS analysis revealed microsegregation of elements V, Cr, and Mo, as predicted with the Scheil-Gulliver model of remaining liquid enrichment. The microsegregation ratio shows the highest tendency to form microsegregation in the case of V, followed by Mo and finally Cr. In contrast to Mo and Cr, which form positive microsegregation (higher solute concentration near the interdendritic areas), V forms negative microsegregation.
